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Abstract

A strongly absorbing and significantly luminescing diimine ligand, N,N �-diphenyl-p-(benzyl-1,3,4-oxadiazole)-2,2�-bipyridine
(DPO-bpy), incorporating �-conjugated oxadiazole linkage units and remote triphenylamine groups has been synthesized and
characterized, as have the corresponding mononuclear metal complexes, fac-(DPO-bpy)Re(CO)3Cl and fac-(DPO-
bpy)Mn(CO)3Br. The rhenium complex was structurally characterized via X-ray crystallography. The nature of the emitting state
of each of the complexes was elucidated via transient DC photoconductivity (TDCP), a technique that reports on the sign and
magnitude of the difference in dipole moments between the emissive state and ground state. The TDCP signal is negative for the
Re complex and is consistent with emission from a metal-to-ligand charge-transfer state. On the other hand, the TDCP signals
for the Mn complex and for the free ligand are positive, with the complex yielding the larger value. The TDCP results, as well
as extended Hückel calculations, support an intraligand charge-transfer assignment for the emissive states of both the Mn complex
and the free ligand, with the former displaying a significantly higher emission quantum yield. © 2001 Published by Elsevier
Science B.V.
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1. Introduction

Over the past decade, considerable effort has been
made in the synthesis of nonlinear optical (NLO) chro-
mophores and their incorporation into polymer ma-
trices to develop organic polymer-based electro-optical

materials [1]. NLO chromophore molecules generally
feature a segment of extended conjugation containing
an electron-donating group (for example, N,N �-alky-
lamino or N,N �-diarylamino) at one end and an elec-
tron-accepting group (for example, nitroaromatic) at
the other. Qualitatively similar features (good electron-
donating and -accepting groups, and good electronic
communication) characterize many emissive, visible-re-
gion, charge-transfer chromophores of potential value
in solar energy conversion schemes. Recently there has
been interest on both fronts in transition-metal-based
chromophores with polymeric or oligomeric organic
chromophores featuring extended conjugation [2]. The
issues of interest in these studies have to do with
achieving extended charge-transfer and greater elec-
tronic excited-state delocalization, either via synergistic
chromophoric corporation, or parent excited-state mix-
ing. Potentially useful could be excited-state lifetime
extension (leading to improved energy conversion) and/
or greater second-order NLO efficiency (due, for exam-
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ple, to larger transition-dipole moments, greater
ground-state/excited-state changes in molecular dipole
moments, or absorption spectral shifting resulting in
greater pre-resonance signal enhancement).

We report here on the synthesis and photophysical
characterization of a chelating-ligand-functionalized or-
ganic chromophore, N,N �-diphenyl-p-(benzyl-1,3,4-oxa-
diazole)-2,2�-bipyridine (DPO-bpy) (1). We also
describe the use of the compound as a primary compo-
nent of a metal-to-ligand charge-transfer (MLCT) type
chromophore, fac-(DPO-bpy)Re(CO)3Cl (2). Addition-
ally described is the synthesis and photophysical char-
acterization of fac-(DPO-bpy)Mn(CO)3Br (3). The
manganese compound lacks low-lying MLCT excited
states. It represents a useful system, therefore, for eval-
uating the behavior and properties of the DPO-bpy
chromophore in a proximal coordination environment,
but without chromophoric interference from the coordi-
nation compound itself (Scheme 1).

As background, we note that aromatic oxadiazole-
based compounds have attracted particular attention in
the context of research on organic light-emitting diodes
(LED). The oxadiazoles feature high electron affinities,
which in turn, facilitate both electron injection and
transport processes of importance in molecular and
polymeric LED devices [3–5]. Indeed, polymers con-
taining oxadiazole units have been widely used in ex-
perimental devices as both electron-transporting and
hole-blocking materials [6]. Saito [7] and others [8,9]
have reported that the 1,3,4-oxadiazole ring can be used
as an efficient electron-transport moiety for obtaining
strong electroluminescence in light-emitting diodes.

Polypyridyl complexes of Re(I) are known to exhibit
interesting excited-state electron and energy-transfer
properties due to long-lived, emissive MLCT state pop-
ulation [10–15]. The complexes are remarkably photo-
chemically stable and sufficiently chromophorically
interesting to have attracted attention both as photonic
energy harvesters in proof-of-concept solar cells [16–18]
and as emissive reporters in molecule-based chemical
sensors [19,20].

As part of the current study we describe how tran-
sient DC photoconductivity (TDCP) measurements can
be used to elucidate the nature of the emissive excited-
states of the chromophoric ligand and the two coordi-
nation compounds. Also reported are low-level
electronic structure calculations (extended Hückel) that
both corroborate and clarify the TDCP findings.

2. Experimental

2.1. Materials

Synthesis of the oxadiazole derivative, 4-tetrazolyt-
riphenylamine, was accomplished via a published

method [9]. 4,4�-Dimethyl-2,2�-bipyridine was purchased
from Fluka, Re(CO)5Cl and Mn(CO)5Br were pur-
chased from Aldrich Chemical Co. All other reagents
were ACS grade and were used without further purifi-
cation. 2,2�-Bipyridine-4,4�-dicarbonyl chloride was pre-
pared by modifying a published method [21] as
indicated below.

2.1.1. Preparation of 2,2 �-bipyridine-4,4 �-dicarbonyl
chloride

4,4�-Dimethyl-2,2�-bipyridine (8.0 g, 43 mmol) was
dissolved in concentrated H2SO4 (100 ml). After the
solution was cooled to 0°C, CrO3 (26 g, 260 mmol, 6
equiv.) was added in small portions during 1 h. The
mixture, which turned blue-green, was heated to 75°C
for 4 h, stirred 10 h at room temperature, and finally
poured into a mixture of ice–water. The green precipi-
tate was filtered and washed several times with water.
This green powder was then suspended in water, and
KOH was added under vigorous stirring until the solu-
tion was basic. The blue insoluble residues were filtered
and washed with water. The aqueous filtrate was
acidified with HCl in order to precipitate the diacid
compound. The solid was filtered, washed with water,
methanol, and diethyl ether, and dried in vacuo. The
resulting 4,4�-dicarboxylic acid-2,2�-bipyridine (1.67 g,
6.84 mmol) was then refluxed with thionyl chloride (20
ml) for 5 h. The solvent was removed by rotary evapo-
ration. The crude product (an oily solid) was extracted
with benzene from which a yellow microcrystalline
product was recovered. Yield: 1.6 g (83%). 1H NMR
(DMSO-d6, � ppm): 7.92 (s, 1H), 8.85 (s, 1H), 8.92 (s,
1H). 13C NMR (DMSO-d6, � ppm): 19.47, 123.41,
139.41, 150.40, 155.08, 165.69. ES MS; m/z : 281 [M+].

2.1.2. Preparation of N,N �-diphenyl-
p-(benzyl-1,3,4-oxadiazole)-2,2 �-bipyridine (DPO-bpy)

A mixture of 2,2�-bipyridine-4,4�-dicarbonyl chloride
(0.32 g, 1.14 mmol), 4-tetrazolytriphenylamine (0.882 g,
2.8 mmol), and dry pyridine (30 ml) was refluxed for 2
days under a nitrogen atmosphere. After cooling, the
reaction mixture was poured into water, and then
filtered to collect the solid. The crude product was
recrystallized from a mixture of CH2Cl2–EtOH. Yield:
0.78 g (87%). 1H NMR (CHCl3-d3, � ppm): 9.14 (s,
2H), 8.94 (d, 2H, J=4.8 Hz), 8.13 (d, 2H, J=4.8 Hz),
8.03 (d, 4H, J=8.8 Hz), 7.36 (m, 4H), 7.21 (m, 12H),
7.14 (d, 4H, J=8.8 Hz). 13C NMR (CHCl3-d3, � ppm):
165.7, 162.4, 156.5, 151.5, 150.4, 146.6, 132.6, 129.8,
128.5, 126.0, 124.8, 120.9, 118.0, 115.3. ES MS; m/z :
779 [M+]. Anal. Found: C, 76.95; H, 4.27; N, 14.30.
Calc. for C50H34N8O2: C, 77.06; H, 4.36; N, 14.38%.

2.1.3. Preparation of fac-(DPO-bpy)Re(CO)3Cl
A mixture of Re(CO)5Cl (75.2 mg, 0.21 mmol) and

DPO-bpy (162 mg, 0.21 mmol) in dry toluene (20 ml)
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was heated to reflux under a nitrogen atmosphere for 1
h. After cooling, the product — an orange–red solid
— was collected by filtration, washed with n-hexane,
and dried in vacuo. Yield: 0.19 g (83%). 1H NMR
(CDCl3, � ppm) 9.28 (d, 2H, J=5.2 Hz), 9.08 (s, 2H),
8.21 (d, 2H, J=5.6 Hz), 8.08 (d, 4H, J=8.4 Hz), 7.44
(m, 4H), 7.25 (m, 12H), 7.19 (d, 4H, J=8.4 Hz). 13C
NMR (CDCl3, � ppm) 196.6, 166.8, 160.4, 156.3, 154.2,
152.1, 146.3, 134.1, 129.9, 129.2, 128.9, 126.4, 126.0,
125.5, 125.2, 123.6, 120.5, 120.3, 114.1. FAB MS; m/z :
1085.1 [M+], 1049 [M+−Cl]. IR (KBr pellet, cm−1):
�(CO) 2022, 1922, 1902. Anal. Found: C, 58.65; H,
3.18; N, 10.33. Calc. for C53H34N8O5ClRe 1.2CH3CN:
C, 58.70; H, 3.14; N, 10.34%.

Slow diffusion of diethyl ether into an acetonitrile
solution of (DPO-bpy)Re(CO)3Cl afforded orange-red
crystals suitable for X-ray crystallographic studies.

2.1.4. Preparation of fac-(DPO-bpy)Mn(CO)3Br
A mixture of Mn(CO)5Br (0.137 g, 0.5 mmol) and

DPO-bpy (0.388 g, 0.5 mmol) in deaerated dry tolu-
ene–THF (20 ml) was refluxed under N2 atmosphere
for 1.5 h. After cooling, a yellow–orange solid was
collected by filtration, washed with cold diethyl ether,
and dried in vacuo. The crude product was recrystal-
lized from acetonitrile–THF. Yield: 0.419 g (86%). 1H
NMR (CD2Cl2, � ppm) 8.76 (d, 2H, J=5.6 Hz), 8.63
(d, 2H, J=5.8 Hz), 8.56 (d, 2H, J=5.6 Hz), 7.87 (d,
2H, J=5.2 Hz), 7.31 (m, 4H), 7.20 (m, 12 H), 6.87 (d,
4H, J=8.4 Hz). 13C NMR (CD2Cl2, � ppm) 209.8,
192.7, 167.2, 160.8, 155.3, 154.1, 151.8, 148.3, 145.4,
140.8, 132.9, 131.9, 130.5, 129.1, 125.7, 124.4, 121.2,
119.6, 116.8. FAB MS; m/z : 998.6 [M+], 918 [M+−
Br]. IR (KBr pellet, cm−1): �(CO) 2026, 1940, 1923.
Anal. Found: C, 63.74; H, 3.47; N, 11.21. Calc. for
C53H34N8O5BrMn: C, 63.82; H, 3.41; N, 11.24%.

2.2. Measurements

Electronic absorption spectra were obtained by using
a HP 8452A diode array spectrophotometer. IR spectra
(KBr pellets) were obtained by using a Bio-Rad FTIR
spectrophotometer. Steady-state emission spectra were
obtained using an ISA Fluorolog Model FL3-11 spec-
trophotometer, and luminescence quantum yields were
determined at room temperature by using samples of
low absorbance (Abs. �0.12). The integrated emission
profiles were compared to that of a standard sample of
Ru(bpy)3

2+ in deoxygenated acetonitrile (�em=0.062)
[13]. Emission lifetimes were obtained by using a Pho-
ton Technologies International Timemaster spectro-
scopic detection instrument with a gated nitrogen lamp
(337 nm excitation, �1.0 ns resolution). For the TDCP
measurements saturated solutions of all compounds in
deoxygenated chloroform were filtered through a
Teflon filter (0.22 �m) and diluted 1:1 with toluene

prior to use. The measurements were performed in a
cell featuring stainless steel electrodes. A voltage of
1000 V was applied over the 0.46 mm gap. The excita-
tion wavelength was 420 nm and was produced by an
OPOTEK Vibrant tunable laser system pumped by the
third harmonic of a Quantel Brillant Nd:YAG Laser.
Laser pulse widths were approximately 4–5 ns. The
laser intensity at the cell was typically 150–250
�J pulse−1. Extended Hückel calculations were per-
formed on fac-(DPO-bpy)Re(CO)3Cl and fac-(DPO-
bpy)Mn(CO)3Br using HyperChem software (version
5.11 Pro for Windows, Hypercube, Inc., Gainesville,
FL).

2.3. X-ray crystallography

A red block crystal of C55.50H38N9O6ClRe having
approximate dimensions of 0.23×0.14×0.07 mm3 was
mounted on a glass fiber. All measurements were made
on a SMART-1000 CCD area detector with graphite
monochromated Mo K� radiation. Cell constants and
an orientation matrix for data collection corresponded
to a primitive triclinic cell with dimensions: a=10.557
(2), b=11.051 (3), c=23.363 (5) A� , �=81.750 (4),
�=89.696 (4), �=70.261 (4)°, V=2536.3 (9) A� 3. For
Z=2 and FW=1148.63, the calculated density is 1.50
g cm−3. Based on a statistical analysis of intensity
distribution, and the successful solution and refinement
of the structure, the space group was determined to be
P1� (No. 2).

The data were collected at a temperature of
−120�1°C to a maximum 2� value of 56.7°. Data
were collected in 0.30° oscillations with 25.0 s expo-
sures. The crystal-to-detector distance was 50.00 mm
and the detector swing angle was 28.00°. Of the 23 383
reflections which were collected, 11 725 were unique
(Rint=0.040); equivalent reflections were merged. Data
were collected and processed using the SMART-NT and
SAINT-NT programs (Bruker). The linear absorption
coefficient, �, for Mo K� radiation is 25.1 cm−1. An
empirical absorption correction was applied. Maximum
and minimum effective transmission factors were
1.000000 and 0.732261, respectively. The data were
corrected for Lorentz and polarization effects. The
structure was solved by direct methods [22] and ex-
panded using Fourier techniques [23]. The solvent ace-
tonitrile, methanol and water molecules were refined
isotropically, while the remaining non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were in-
cluded except on the solvent molecules, but not refined.
The final cycles of full-matrix least-squares refinement,
� w(Fo

2−Fc
2)2 on F2 was based on 5556 observed

reflections and 649 variable parameters and converged
(largest parameter shift was 0.04 times its e.s.d)
with unweighted and weighted agreement factors of
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Fig. 1. Perspective drawing of the complex fac-(DPO-bpy)Re(CO)3Cl
with atomic numbering scheme. Hydrogen atoms have been omitted
for clarity. The thermal ellipsoids are shown at the 50% probability
levels.

final difference Fourier map corresponded to 1.73 and
−1.07 e A� −3, respectively, and were located near the
Re position. All calculations were performed using the
TEXSAN crystallographic software package of Molecu-
lar Structure Corporation.

3. Results and discussion

3.1. Synthesis and preliminary characterization

FAB mass spectra, elemental analysis, and 1H NMR
data are consistent with the proposed formulations for
the ligand and its metal complexes. IR spectra for both
complexes show three intense absorption bands in the
region 1850–2080 cm−1, as expected for facial configu-
rations of the carbonyl groups [24].

3.2. X-ray crystal structure

The proposed structure of (DPO-bpy)Re(CO)3Cl was
confirmed via single-crystal X-ray structural studies. An
ORTEP drawing of the structure with atomic numbering
is shown in Fig. 1. The coordination geometry at the
Re atom is distorted octahedral with the carbonyl
ligands arranged in a facial fashion. The six aromatic
rings (two pyridine, two 1,3,4-oxadiazole and two
phenyl rings) are nearly coplanar: the dihedral angle
between the least-squares plane of the pyridine and the
1,3,4-oxadiazole ring is 16.40 (6.73)° and between the
1,3,4-oxadiazole and the phenyl rings is 9.38 (4.26)°.1

Selected crystallographic data are presented in Table 1.
Further details are given in Section 5.

3.3. Photophysical beha�ior: absorption and emission

Electronic absorption and emission spectra for the
free ligand, fac-(DPO-bpy)Re(CO)3Cl, and fac-(DPO-
bpy)Mn(CO)3Br complexes are shown in Fig. 2; photo-
physical data are summarized in Table 2. The free
ligand shows an intense absorption band in the 380 nm
region and displays a broad emission centered at 512
nm. The emission lifetime at room temperature is 6�1
ns, consistent with an assignment as fluorescence from
an intraligand excited-state. As shown below, the emit-
ting state possesses significant charge-transfer charac-
ter. The absorption spectrum of (DPO-bpy)Re(CO)3Cl
shows several intense bands in the 300–380 nm region,
attributable to DPO-bpy centered transitions and a
weaker band at 450 nm, which is attributed to a
nominally singlet MLCT transition (d�(Re)�
�*(diimine)). The room-temperature emission maxi-

Table 1
Selected bond distances (A� ) and bond angles (°) for complex fac-
(DPO-bpy)Re(CO)3Cl

Bond distances
1.909(12)Re�C(1)2.451(3)Re�CL(1)

Re�C(2)2.150(7)Re�N(1) 1.904(13)
2.161(8) Re�C(3) 1.863(13)Re�N(5)

Bond angles
CL(1)�Re�N(1) 83.2(2) CL(1)�Re�N(5) 86.2(2)

CL(1)�Re�C(2)CL(1)�Re�C(1) 90.7(3)172.6(4)
CL(1)�Re�C(3) 74.8(3)N(1)�Re�N(5)95.2(3)

172.7(4)N(1)�Re�C(2)94.7(4)N(1)�Re�C(1)
97.6(4) N(5)�Re�C(1) 86.4(4)N(1)�Re�C(3)

100.8(4) N(5)�Re�C(3)N(5)�Re�C(2) 172.1(4)
C(1)�Re�C(2) 92.1(5)90.8(5) C(1)�Re�C(3)
C(2)�Re�C(3) 86.9(5)

R=0.052 and Rw=0.096. The value of the goodness-
of-fit parameter was 2.20. The weighting scheme was
based on counting statistics. The plots of � w(�Fo�−
�Fc�)2 versus �Fo�, reflection order in data collection,
sin �/	 and various classes of indices showed no un-
usual trends. The maximum and minimum peaks on the

1 The first value is for the rings on the left-hand side of the
molecule as depicted in Fig. 1. The value in brackets is for the rings
on the right-hand side.
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Fig. 2. (A) Electronic absorption; and (B) corrected emission spectra in deoxygenated CH2Cl2 at room temperature for fac-(DPO-bpy)Re(CO)3Cl
(— ), fac-(DPO-bpy)Mn(CO)3Br (- - -), and free DPO-bpy (· · ·).

Table 2
Spectral and photophysical data a

	max,em (nm) �em
c 
 (ns) ��eff

d (debye)	max (nm) b [10−3 � (dm3 mol−1 cm−1)]Compound

6�1 +8512 0.02DPO-bpy 380 (107)

18�1(DPO-bpy)Re(CO)3Cl −6450 (29) 672 0.05
378 (32)

378 (53) 0.14 7�1 +12(DPO-bpy)Mn(CO)3Br 519
410 (sh)

a Emission and TDCP data obtained from deoxygenated methylene chloride solution at room temperature.
b Only the lowest energy maximum or shoulder is reported.
c �em values were calculated by referencing against values at 298 K (�r) by using equation, �em=�r(Br/Bs)(ns/nr)

2(Ds/Dr), B= (1−10−A):
�r=0.062 for standard sample (see Ref. [13]); D, the integerated intensity; n, refractive index; A, the absorption at the excitation wavelength.
	max,em is corrected emission maximum and �em, the quantum yield for emission.

d ��eff= (�ex
2−�g

2)1/2.
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Scheme 2

the blue of the rhenium compound. From the various
comparisons we conclude that 3MLCT emission, rather
than intraligand CT emission, is responsible for the
luminescence of the rhenium complex.

3.4. Photophysical beha�ior: TDCP

TDCP is a technique that provides information
about the sign and magnitude of differences in dipole
moment, �, for the ground state versus an excited state
of an uncharged molecular chromophore in solution
[26].

A static, external electric field is applied in the cell in
order to orient the dipolar molecules, as shown in
Scheme 2. If the dipole moment changes upon photo-
excitation, the chromophores will become either more
completely (increase in �� �) or less completely (decrease
in �� �) oriented by the external field. The reorientation
and associated build up of charge can be tracked by
monitoring the transient photovoltage generated across
the TDCP cell. Braun and Smirnov, in particular, have
shown how the TDCP methodology can be utilized to:
(a) evaluate the degree of photo-induced charge trans-
fer; (b) measure net electron-transfer distances; and/or
(c) monitor excited-state rotational correlation times for
various light-absorbing organic compounds [26]. We
have recently applied the technique to simple inorganic
chromophores [27,28].

Fig. 3 shows the TDCP responses of the free ligand
and complexes. Notably, the signal at short and inter-
mediate times after the laser pulse is negative for the Re
complex, but positive for the Mn complex and the free
ligand. This indicates that the emissive excited-state has
a smaller dipole moment than the ground state for the
Re sample and vice versa for the ligand and the Mn
sample. Negative signals have also been observed for
(bipyridine)Re(CO)3Cl [27] and a series of related com-
plexes [29], all of which emit from 3MLCT excited-
states.

As illustrated in Scheme 3 and described in greater
detail elsewhere [27], the Re(I)–halide bond creates a
substantial ground-state dipole moment. While giving
rise to a smaller dipole contribution associated with the
Re–diimine fragment, MLCT excitation all but elimi-
nates the Re�X contribution to the molecular dipole
moment. The net result is a decrease in overall molecu-
lar dipole moment, where the decrease is detectable as a
negative TDCP signal.

Since the sign of the TDCP signal for the Mn com-
plex is positi�e, it is clear that this complex (and the free
ligand) must be emitting from a different state. The sign
is consistent with the proposed intraligand charge-
transfer assignment. Notably, the TDCP signal ampli-
tude is larger for the Mn complex than for the free
ligand. The difference likely primarily reflects differ-
ences in ground-state dipole moments, �g, rather than

Fig. 3. TDCP response normalized for absorbed energy from deoxy-
genated CHCl3– toluene solutions of fac-(DPO-bpy)Re(CO)3Cl, fac-
(DPO-bpy)Mn(CO)3Br, and free DPO-bpy.

Scheme 3

mum occurs at 672 nm. The substantial emission red-
shift for the complex in comparison to the free ligand
strongly suggests a 3MLCT emitting state for the com-
plex, and indeed, the emission energy is broadly consis-
tent with that observed for diimine tricarbonyl chloride
complexes of Re(I) [12]. On the other hand, an argu-
ment might be made for an intraligand assignment:
chelation of a metal cation could render the diimine
nitrogens better electron acceptors. This would induce
red shifts in both the absorption and emission spectra.
We have noted elsewhere that such effects can, in
certain cases, be rather substantial [25]. Emission life-
time studies yielded 
=18 ns, a value that arguably
could be consistent with either an MLCT or intraligand
CT assignment. Given the ambiguity, we reasoned that
the assignment could be clarified by assembling a metal
complex that largely reproduced the physical structure
of (DPO-bpy)Re(CO)3Cl, but lacked energetically ac-
cessible MLCT transitions. By offering low-energy,
filled 3d� metal orbitals in place of high-energy, filled
5d� metal orbitals, the complex, (DPO-bpy)Mn-
(CO)3Br, satisfies these conditions. As shown in Fig. 2
and Table 2, the manganese compound emits at nearly
the same energy as the free ligand, but considerably to
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differences in the change in dipole moment, �ex−�g.
Note that the TDCP signals scale as �ex

2−�g
2, not

�ex−�g. The Mn complex should possess a substantial
�g value due to the strong dipolar character of the
Mn(I)–bromide bond. Furthermore, this contribution
should be largely unaffected by intraligand charge-
transfer excitation. Thus, in the emissive excited-state,
intraligand CT and Mn�X dipole contributions (vector
quantities) should be partially additive, thereby gener-
ating a very substantial �ex value; see Scheme 2. In the
absence of independent information about �g, however,
it is not possible to estimate �ex values from the TDCP
measurements. Instead, in Table 2 we have reported
‘effective’ dipole moment changes, ��eff, given by the
square root of (�ex

2−�g
2).

Finally, returning to the Re complex, we note that an
alternative excited-state description — one in which
reductive quenching (electron transfer from the aryl
amine to the metal center) occurs very shortly after
MLCT excited-state formation [14b] — can be ruled
out on the basis of the sign of the TDCP signal for this
compound. The reductively quenched form of the com-
pound should resemble the intraligand CT state gener-
ated within the Mn complex and yield a positive, rather
than negative, TDCP signal. The measurement, how-
ever, does not eliminate the possibility that quenching
shortens a longer-lived MLCT excited-state to 18 ns.
The TDCP results would require the putative amine/
bpy CT state, however, to be very short-lived, since
post-MLCT evidence for it is not obtained in the
conductivity experiment.

3.5. Electronic structure calculations

Consistent with emission from an intraligand CT
state, extended Hückel calculations for the Mn complex
reveal that the HOMO is located primarily on the
nitrogens of the diphenylamino groups, whereas the
LUMO is centered on the bipyridine portion of the
ligand. The highest filled orbital with substantial Mn
character is the HOMO-30 (2.1 eV below the HOMO),
obviously making MLCT excited-states inaccessible.
According to the extended Hückel calculations, the
highest lying filled orbital with substantial metal char-
acter in the rhenium complex, on the other hand, is the
HOMO-2. Higher quality calculations presumably
would slightly alter the orbital ordering, making a
metal orbital the HOMO, as implied by the available
experimental results.

3.6. Applications

Improved dye-sensitization of semiconductor-based
liquid-junction solar cells, enhanced second-order non-
linear optical behavior, and enhanced performance of
molecule-based light emitting diodes are among the

long-range applications-based motivations for investi-
gating the photophysical properties of intentionally
combined inorganic/organic chromophore pairs. With
preliminary results in hand for the (DPO-
bpy)M(CO)3X compounds, we consider, in order, the
candidate applications. N,N �-diphenyl-p-benzyl-1,3,4-
oxadiazole attachment clearly extends the spectral
range of (bpy)Re(CO)3Cl, with the DPO moiety func-
tioning as an antenna for population of a 3MLCT state
of the inorganic chromophore. The added chro-
mophoric coverage, however, occurs in the near-UV
region. Enhanced chromophoric behavior here is of
little practical value for metal-oxide semiconductor-
based solar cells [17,30] (e.g. ‘Grätzel cells’) because of
the low near-UV content of the solar radiation reaching
the earth’s surface and because of the ability of the
semiconductors themselves to absorb photons in the
near-UV region.

DPO attachment to (bpy)Re(CO)3Cl yields an intense
intraligand charge-transfer absorption band. The exis-
tence of a strongly allowed pre- or post-resonant
charge-transfer transition is a prerequisite for efficient
frequency doubling (i.e. second-order NLO behavior)
by materials composed of aligned molecular chro-
mophores. Since (bpy)Re(CO)3Cl itself displays a mod-
est propensity for frequency doubling [31,32],
presumably due primarily to the existence of allowed
MLCT transitions, the addition of intense ligand-based
CT transitions to the linear absorption spectrum might
be expected to yield very substantial improvements in
doubling efficiency. This would be reflected, for exam-
ple, in an increase in the absolute magnitude of the
wavelength-dependent molecular first hyperpolarizabil-
ity, �. Unfortunately, because � is a signed quantity,
and because the transition-dipole moments for the
MLCT and intraligand CT excitations are largely anti-
parallel, the contributions to � from these two transi-
tions should be oppositely signed and, therefore,
partially canceling, under pre-resonance conditions
(nonabsorbing conditions).

Finally, from Table 2, the addition of Re(CO)3Cl to
DPO-bpy yields a modest increase in photolumines-
cence quantum yield. A corresponding increase in the
quantum yield for electroluminescence might be ex-
pected. Unfortunately, the increase comes at the ex-
pense of a likely undesirable red-shift of the emission.
The addition of Mn(CO)3Br, on the other hand, leaves
the emission energy largely unaffected, but boosts the
quantum yield for photoluminescence by nearly an
order of magnitude — an obviously positive outcome if
parallelled in electroluminescence experiments. In view
of the essentially identical emission lifetimes for the free
ligand and the manganese complex, the enhancement in
quantum yield clearly is a consequence of an increase in
the excited-state radiative decay rate rather than a
decrease in the nonradiative rate.
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4. Conclusions

The combination of a pair of triarylamines with
2,2�-bipyridine via oxadiazole linkages yields, upon co-
ordination to manganese or rhenium, a nearly coplanar
six-ring assembly. The free assembly luminesces from
an intraligand charge-transfer state, where the CT char-
acter of the state was established via transient DC
photoconductivity measurements. Despite the pendant
triarylamine — a potential reductive quencher — the
rhenium tricarbonylchloro complex of the assembly
readily emits in solution from a 3MLCT excited-state
featuring a lifetime of �18 ns at ambient temperature.
The MLCT assignment is supported by TDCP data.
The corresponding manganese tricarbonylbromo com-
plex emits from an intraligand excited-state where the
quantum yield for emission is about seven times that
for the free ligand.

5. Supplementary material

Tables of crystal data, structure solution and refine-
ment, atomic coordinates, bond lengths and angles,
least-squares planes, and anisotropic thermal parame-
ters for fac-(DPO-bpy)Re(CO)3Cl complex (PDF) and
X-ray crystallographic files in CIF format for Re com-
plex are available from the authors on request.
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